I. Introduction
any areas of fluid dynamics stand to benefit from an improved understanding of the structures of a turbulent boundary layer. The understanding of the organized motion in a turbulent boundary layer and its dynamics are very important as researchers seek to accurately model, predict, and control wall bounded flows. The study of boundary layer separation, flow control, skin friction, and heat transfer all depend on the underlying physics of a turbulent boundary layer. However, these areas of fluid dynamics could be more effective if we can learn more about the complex 3-D dynamics of a turbulent boundary layer.
This work presents a preliminary effort to complement a newly developed 3-D flow visualization technique with a simultaneous 2-D PIV measurement. The intent of these measurements is to provide a better framework on which the analysis of 3-D flow visualization images can be based.
Historically, flow visualization experiments (such as seeding smoke into the boundary layer) have served a very important role in elucidating details about the underlying structure of a turbulent boundary layer. Much of our present day understanding of this structure has simple flow visualization experiments at it roots with detailed quantitative measurements often occurring after qualitative observations were made. A detailed description of structure within turbulent boundary layers can be found in several works, including Robinson, 1 Smits & Delo,
While traditional flow visualization techniques, such as the seeding of smoke into the boundary layer, have provided a wealth of information, they have ultimately been limited due to the uncertainty associated with the smoke seeding process. For example, a legitimate concern is that the observed patterns in the smoke better represents the history of the turbulence, which may have died out due to dissipation, as opposed to the presently active structure. A counterargument is that since the smoke is transported by turbulence, it can be assumed that the smoke marks the edge between the non-turbulent freestream and the turbulent boundary layer. 6 Previous works have supported this latter assumption; 7 however, the lack of a clear relationship between the flow visualization and the structures in the flow make observations very qualitative and speculative in nature. This ambiguity motivated several researchers to pursue simultaneous experiments of flow visualization with more quantitative measurements, such as hot wire measurements 8 and Laser Doppler anemometry. 9 More recently, techniques such as PIV have supplanted traditional flow visualization and provided more detailed quantitative information about the flow removing the ambiguity associated with traditional flow visualization. The availability of 2-D data also motivated the introduction of advanced structure detection methods, such as proper orthogonal decomposition (POD), to reduce the set of images into the most common or most energetic structures.
Using inherently 1-D and 2-D methods to construct a 3-D picture of the flow has been difficult, although some very notable successes utilizing POD and linear stochastic estimation have been achieved. In recognition of the inherent 3-D nature of turbulent flows, we have developed a 3-D flow visualization technique based on the scanning of a high repetition rate laser sheet that is fairly robust and can be applied to high Reynolds number boundary layers. In comparison to other recent developments in 3-D imaging (e.g. tomographic PIV, holographic PIV), our technique is not sensitive to particle seeding conditions and can be applied to larger flow volumes. Preliminary results illustrate the power of this technique to visualize 3-D flow structures in a unique fashion. 10 As such, we would like to use this technique to explore the 3-D characteristics of turbulent boundary layers under a variety of conditions (e.g. adverse pressure gradients, unsteady free stream, incipient separation, etc.) The technique, in its current form, however, is still limited to qualitative flow visualization and thus plagued by the same concerns that plagued earlier flow visualization works. Thus, before moving forward, it is important that we further explore the relationship between our 3-D visualizations and more developed techniques, such as PIV.
The work presented in this paper uses simultaneous 3-D flow visualization with 2-D PIV to explore the turbulent boundary layer. Specifically, we are able to acquire 3-D images with 220 x 220 x 68 pixel resolution with a total scan time of 136 microseconds enabling us to construct nearly instantaneous 3-D views of turbulent boundary layers. We also add a more quantitative aspect in the 2-D PIV to better understand the flow. By comparing the 3-D flow visualization with the 2-D PIV at the same instant and at the same point in the flow, we will be able to further understand the 3-D structures being observed with the 3-D flow visualization technique. For instance, we can identify how the 2-D PIV results look in 3-D flow visualization and vice versa. In this regards (and in recognition of the place that POD occupies in structure identification), we apply POD to both the velocity fields and the flow visualization images in an effort to tie together the observations made in both forms.
II. Experimental Arrangement
The Auburn University Advanced Laser Diagnostics Laboratory is in the initial stages of implementing the new 3-D imaging technique on a turbulent boundary layer. In the future, particular interest would be flow with an adverse pressure gradient, or flow on the verge of separation. Before implementing this imaging to separating flow, we are applying this to a simple turbulent boundary layer to make observations and improvements before imaging a separating boundary layer.
A. Facility and Particle Seeding
All experiments were conducted in the Auburn University Advanced Laser Diagnostics Laboratory's 2' x 2' wind tunnel. Preliminary experiments focused on visualizing the boundary layer formed on the bottom wall of the wind tunnel. The flow on the wall was tripped to a turbulent flow by 60 grit sand paper 1 inch width in the streamwise direction. Twelve inches downstream of the sandpaper, smoke was introduced through a slit in a port at the bottom of the wind tunnel. The smoke travels along the bottom of the tunnel 52 inches downstream to the measurement location as shown in Figure 1 . The average boundary layer thickness at this location is 2.2 inches for this trial.
The smoke machine used for this experiment is a ViCount Compact 1300 oil-based smoke generator that produces particles 0.2-0.3 micrometers in size. The smoke fills a reservoir below the tunnel and then is pulled into the wind tunnel via a four inch slit that is 1/8 inch thick. The smoke flows along the bottom of the wind tunnel and seeds the boundary layer. The open circuit wind tunnel allows the room to fill up with smoke so as to seed the freestream flow at a much lower density than the seeded boundary layer. This was important so that PIV could be taken on the whole flow field while still filling the boundary layer for flow visualization. We confirmed that the slit had no adverse effects on the flow by performing pitot probe measurements of the boundary layer thickness with and without the slit.
B. 2-D Particle Image Velocimetry
We set up a camera and laser to capture PIV measurements in a plane through the center of the measurement volume. A New Wave Research Solo III PIV laser at a wavelength of 532 nm was used for the PIV measurements. It provides 50 mJ of energy per pulse with a duration of 3-5 nsec. The laser was directed from the top of the tunnel down to illuminate a plane of the flow. The camera for the PIV trials is a Cooke Corp. Sensicam QE Doubleshutter 12 bit CCD camera. The time delay between frames was set to 25 microseconds. Each PIV image was 1376 by 1040 pixels. The field of view was 1.6 by 1.3., where is the boundary layer thickness. The window size for the interrogation areas for the PIV measurements was 32 by 32 pixels with a step size of 16 pixels. A multi-pass technique was used with symmetric phase only filter (SPOF) for velocity calculations. SPOF is a technique used in cases of image data that contain sharp contrasts in image intensity such as at the boundary layer edge in this experiment. The SPOF decreases the possibility of discontinuities at the boundaries due to seeding concentration differences.
11
Special attention was paid to the seeding of the boundary layer and the freestream flow, where a proper balance in their relative intensities is necessary for the PIV algorithms to work properly. It should be noted that modern PIV algorithms are fairly robust with respect to the dynamic range associated with the particle image. Instances in which there was too much smoke in the boundary layer were discarded because the PIV processing could not detect particles and thus would not calculate the velocity in that portion of the flow. Instances in which there was not enough smoke in the boundary layer were also discarded due to poor intensity for the flow visualization images. A robust post-processing technique was used to replace missing and spurious vectors and to smooth the data.
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C. 3-D Flow Visualization
In this paper, we use the term flow visualization images to represent the intensity images that result when smoke is introduced into the boundary layer through a slit, as is done in a traditional fashion. Three-dimensional flow visualization is accomplished by scanning a high-repetition rate laser light sheet through the desired flow field and acquiring 2-D images of the flow throughout the scan. The resulting sequence of 2-D images can then be reconstructed to form a 3-D image of the flow field. The unique aspect of this 3-D technique is its high speed capabilities which are made possible using a third generation pulse burst laser system with a galvanometric scanning mirror and a high framing rate CCD camera. A detailed description of the technique can be found in previous papers 13, 14 with only a brief description here. The main piece of instrumentation used in this technique is a home-built pulse burst laser system that is capable of producing laser pulses at repetition rates in excess of 1 MHz over a 1 msec long window. 15 In the experiments described in this paper the laser energy was approximately 15 mJ/pulse. For 3-D flow visualization, a burst of 68 laser pulses is produced at 500 kHz (camera limited) repetition rate and deflected off of a 6 mm aperture galvanometric scanning mirror. A long focal length spherical lens and a cylindrical lens located in front of the scanning mirror are used to form an approximately 1 mm thick laser sheet whose position is determined by the momentary angle of the scanning mirror. For this experiment, the laser was directed from the bottom of the wind tunnel up through the flow to illuminate planes for image reconstruction. The mirror scans the planes from front to back in a nearly instantaneous fashion. Images are acquired for each successive laser pulse using a DRS Hadland Ultra68 intensified camera. The Ultra68 is capable of acquiring 68 images with 220 x 220 pixel resolution at framing rates up 500,000 frames per second. Thus, a sequence of 68 images can be acquired in 136 microseconds. For the speed in this experiment (73.4 ft/s), the maximum displacement of the flow from the first image to the last image is less than 0.1 inch.
D. Synchronization
The difficulty in this experiment lies in the synchronization of the 3-D flow visualization and the PIV. The trial was designed so as to capture the PIV immediately after the 3-D flow visualization images were captured. Figure 2 illustrates the timing of the system. The pulse burst laser system continuously sends a 2Hz signal to the scanning mirror and the 68 laser pulses. The pulse generator must be manually armed each time a sequence is desired to be captured. After armed, the pulse generator outputs a one-time signal to the flow visualization camera, PIV laser, and PIV camera. The delays for each signal from the pulse generator can be adjusted to ensure that the cameras and lasers are firing at the appropriate times. Detection of the firing of the cameras and lasers was monitored on an oscilloscope to ensure appropriate synchronization. The first PIV image was acquired 2 microseconds after the last slice of the 3-D image, therefore the overall structure of the flow had a negligible displacement between last frame of the 3-D flow visualization sequence and the first frame of the PIV. Figure 3 shows the middle slice of the flow visualization sequence and the image used for PIV calculation. One can note the similarity of the flow indicating that these images were taken at nearly the same instant in time, which verifies the proper timing of the system. Figure 3a is slice 32 out of the 68 slices for the 3-D flow visualization image which corresponds with the image for use in PIV measurements in Figure 3b . A noticeable difference in the images is the resolution as the flow visualization images are 220 by 220 pixels whereas the PIV images are 1376 by 1040 pixels. A high resolution MHz rate camera is being acquired to improve upon the image quality for flow visualization. Although it is not apparent in the images, the particle density is sufficiently high in the free stream for reliable determination of the local velocity.
III. Experimental Results
Trials were run in the 2' by 2' wind tunnel in the Auburn University Laser Diagnostics Laboratory. In all, 218 sequences were successfully captured in which the flow seeding was appropriate. Each sequence was composed of 68 images to reconstruct a 3-D flow visualization image and 2 images at the center of the measurement volume to use for PIV.
A. Boundary Layer Validation
Because the particle seeding is inhomogeneous throughout the measurement volume, it is important to show that the velocity measurements made using PIV are consistent with other measurements. We compare our turbulent boundary layer statistics with those of classical turbulent boundary layers. The following boundary layer statistics were calculated using PIV on the set of 218 pairs of images.
Because it was difficult to measure very close to the wall (due to laser reflections from the wall), the friction velocity was calculated using the method described by Kendall fitting the data close to the wall with the Spalding profile. 16 As seen in Figure 4a , the boundary layer profile follows the 1/7 th power law as expected for a turbulent boundary layer flow. Also in Figure 4b , the few points in the log layer do agree with the log law of the wall for turbulent boundary layers. The agreement between the PIV data and a canonical turbulent boundary layer velocity profile provide validation that the PIV algorithms employed here are robust enough to handle the inhomogeneous smoke seeding necessary for these experiments. Thus, we are able to acquire both flow visualization and PIV images under the present seeding conditions. 
B. 3-D Flow Visualization
One main aspect of this research was to capture the 3-D structures in the turbulent boundary layer with our 3-D flow visualization technique. Previous work with the technique has proved capable of visualizing the turbulent boundary layer, however, this experiment allowed the room to fill up with smoke so as to seed the freestream flow. The mean intensity of the smoke in the freestream flow was subtracted from the flow visualization images prior to 3-D image reconstruction. For 3-D reconstruction, each sequence of 68 images is converted to a compatible format for use in Tecplot. Using this software, the visualization can be rotated, dissected into slices, fit with multiple isosurfaces, and manipulated to better investigate structures. The most common approach for visualization is to fit a surface through a constant value of intensity in the image (i.e. an iso-surface). By judicious choice of the intensity value, one can view different layers within the boundary layer. Generally, an intensity corresponding to the edge of the boundary layer is chosen such that the outer structure of the boundary layer can be observed. This is illustrated in Figure 5 , which shows the outer 3-D structure at 3 moments in time. For viewing the internal structure, we also have the option of performing virtual fly-throughs of the data. Unfortunately, this type of analysis is difficult to present in paper format.
A wide variety of shapes and structures were observed in the 3-D images obtained. In many instances, one can see large scale sweeping motions with size on the order of one boundary layer thickness or greater inclined at approximately 45 degrees to the flow. This is apparent in Figure 5c where the bulge observed at the front of the imaging volume extends across the span of the volume. Figure 5b , on the other hand, shows a more uniformly distributed boundary layer thickness composed of several smaller structures. In this case, there is a narrow spire of fluid that can be seen on the forward endcap. Figure 5a appears to show an eruption of fluid on the upstream portion of the image while downstream is marked by a mild hill. In addition, because the images are reconstructed in computer software, the inner details of the flow can also be observed. Figure 6 shows a 3-D flow visualization being deconstructed to look at individual slices of the flow. In this case, the details of how the boundary layer thickness varies along with an eruption of fluid in the upstream portion of the volume are clearly seen. One can see the advantages of 3-D flow visualization in studying the turbulent boundary layer. Further discussion and analysis of these images; however, is difficult due the ambiguous nature in which the smoke is actually visualizing the boundary layer. Better understanding the connection between the underlying velocity field and the smoke based 3-D flow visualization is the primary objective of this effort.
C. Comparison of 3-D images with 2-D PIV
The new aspect of this trial is the simultaneous PIV measurement taken at the center of the 3-D image. For each of the 218 3-D realizations, we have a simultaneous snapshot of the velocity (and vorticity) field to complement the flow visualization data. The velocity measurements provide a quantitative look at the flow. Figure 7 illustrates the complementary flow visualization and PIV data captured for each realization.
One area of concern is the determination of the edge of the boundary layer. With flow visualization it is assumed that the smoke stays in the boundary layer and does not diffuse into the freestream flow. In flow visualization, therefore, the edge of the smoke is picked to be the edge of the boundary layer; however, it is not clear if the underlying turbulence structure that convected the smoke to this location in the first place remains intact between the smoke injection point and the measurement volume. The simultaneous acquisition of velocity and intensity data, however, allows us to directly compare the edge of the boundary layer as determined in flow visualization and velocity fields. Figure 8 illustrates the comparison of the flow visualization data with the PIV data. It displays three different sequences at three different instants in time. Figure 8a displays the 3-D representation of the boundary layer formed using the 68 slice image sequence. In 8b, the flow visualization slice in the middle of the sequence is extracted. A thick line is used to trace the edge of the boundary layer, which is determined (in this case) by selecting an intensity value that distinguishes the seeded fluid from the much lower intensity free stream values. It should be noted that the choice of intensity for marking the boundary layer's edge is somewhat arbitrary and only used here for illustrative purposes. Figure 8c shows the velocity field measures at the same 2-D location with the edge of the boundary layer (as determined from the flow visualization image) marked. A general observation is that there is fairly good agreement between the velocity and the flow visualization edge. The boundary layer edges are not exact, but are similar with these three sequences (and the other sequences as well). Figure 8d presents the associated vorticity field with the flow visualization boundary layer edge laid on top of it. Observation of the vorticity is a convenient way to separate the rotational fluid within the turbulent boundary layer from the irrotational fluid in the free stream. In these images, a threshold is set so that only vorticity values above the noise floor are displayed. As seen in 8d, the edge of the boundary layer from flow visualization corresponds with the contrast between vortical flow and non-vortical flow. Again, the edge may not be exactly the same, but in general, the boundary layer edge from flow visualization matches the data from the velocity and vorticity fields. This enhances our certainty in defining the boundary layer edge as the edge between seeded flow and non-seeded flow.
D. Proper Orthogonal Decomposition
Many observations can be made by studying individual snapshots of the flow. There are, however, some efficient ways to decrease the data into more manageable sets, while still being able to make observations about the structures in the flow. Lumley, in 1967, first proposed using POD to detect coherent structures in turbulent flows. 17 Recently, POD and LSE have emerged as tools for identifying structures in the boundary layer using various forms of data, including PIV. [18] [19] [20] We use the method of snapshots to take all 218 sequences and extract the most energetic structure into POD modes. We can perform POD on the 3-D flow visualization, a 2-D slice of the flow visualization, and the 2-D velocity data. POD can give insight into the structures that are observed in the flow. Additionally, we can compare the POD modes obtained from the flow visualization images with those obtained from the velocity data to provide a possible connection between the two. In this work we will make some preliminary observations about the POD, with the knowledge that more trials and a large set of sequences will be acquired in the future. We emphasize that the results presented here are preliminary in nature and need further thought and analysis with the purpose of this presentation being to illustrate the basic premise of our methodology and some of our early observations. Figure 9 shows the energy of the first 20 modes for 2-D flow visualization and 2-D velocity. Like most POD modes, a good portion of the energy lies in the first few modes for both flow visualization and velocity. The convergence of modal energy is quite similar between the two, although some differences can be determined. One noticeable difference is the relative energy in mode 2 for both instances. Again, a larger dataset would help improve the accuracy of these POD modes.
Modes 1 through 4 of the velocity mode are shown in Figure 10a . Velocity mode 1 shows a decrease in the velocity over a large region, indicating a lower momentum structure of fluid with the size and shape of the mode occurring frequently in the flow. Looking closely, the velocity vectors in this mode are pointing to the left and up, indicating a negative u' and a positive v' which are indicative of Q2 events in a turbulent boundary layer. Mode 2 presents a similar structure; however the low momentum structure is further away from the boundary layer wall and upstream. In both cases, the structure appears angled at approximately 20 degrees, which is consistent with observations made in other facilities and generally associated with the organization of vortices within the flow. Mode 3 has a much different shape than 1 and 2 and shows the sharp contrast between faster moving fluid on the left and slower moving fluid on the right. Many observations can be made by looking at the modes, specifically the first few modes that represent the most common structures. Our goal in this work is to relate the structure observed in the velocity field to the structure observed in the flow visualization images. As the POD is thought to represent the most energetic features of this structure, it is important to show that flow visualization images track the POD velocity modes quite well. To explore this idea, we employ a novel form of conditional averaging utilizing the snapshot method of POD to connect the flow visualization images with their corresponding velocity data.
In the snapshot method of POD, each mode is calculated as a linear combination of the data input to the code. To construct the mode, each sequence is multiplied by a specific coefficient (found through eigenvalue problem in the POD process) and then added together to obtain each mode. Using this same technique, we took those coefficients that are used to construct the velocity modes, and we applied them to the flow visualization images instead of the velocity images. In this fashion, we perform a pseudo-conditional averaging of the intensity field where the velocity determined POD coefficients are used as the weights for applying a linear combination of the flow visualization images. Thus, we can compare what mode 1 looks like when applied to the velocity images (which is the regular POD mode) and what mode 1 looks like when constructed from the flow visualization images. Figure 10b shows the conditionally averaged image constructed using the information from the velocity modes. In all four modes shown, the conditionally averaged image bears a striking resemblance to the velocity mode. In fact, it seems that a negative velocity mode corresponds to a positive intensity in the flow visualization image and vice versa. This result is consistent with the idea that the smoke serves as a passive scalar tracer of low momentum fluid as it originates from the wall. It is somewhat surprising (and encouraging in the context of this work) that this idea is sustained over such a long distance (~5 feet). The connection between the velocity modes and the conditionally averaged images are not exact, and there are some differences, specifically in their location and orientation, but the patterns are similar. Additional trials and a larger dataset could help investigate this possible connection between velocity and flow visualization.
Since we have 3-D flow visualization we can conditionally average the whole image to detect some information about the three-dimensionality of the structures that contribute to the velocity modes. Figure 12d shows a conditionally averaged slice perpendicular to the fluid flow. This slice was in the direct center of the 2-D slice in Figure 10c . The flow direction for the spanwise slice is into the paper. From these slices, we can infer the spanwise extent of the 2-D structures being identified by the POD technique. Further investigation of the 3-D extent of the 2-D POD modes is ongoing and will be the subject of future work.
While Figure 10 illustrates the flow visualization images that are associated with specific velocity modes, we also have the ability to do the opposite. We can use POD to form a set of 2-D flow visualization based modes and apply those coefficients to conditionally average the velocity fields. In this manner, we can construct the velocity counterpart of the structure observed in flow visualization images. The POD modes based on flow visualization show several interesting features. The first mode illustrates a positive fluctuation of intensity in the outer portion of the boundary layer. This is somewhat consistent with the observation that the mean boundary layer thickness is not constant with time and can vary from one image to the next. The next few modes show the large sweeping structures observed earlier. These structures are inclined at an approximately 45 degree angle and are about one boundary layer thickness in size. As before, there is excellent agreement between the structure observed in the POD modes and the structure observed in the conditionally averaged data. Not surprisingly, as seen in Figure 11 , the positive flow visualization corresponds to negative velocity and vice versa. We will keep investigating this to determine the cause and the meaning of this connection.
Velocity Modes Conditionally averaged flow visualization
Streamwise slice Spanwise slice To further examine the correlation between the structure observed in the velocity field and the intensity fields, correlations were calculated between the POD time coefficients determined from the velocity modes and intensity modes, respectively. In other words, each image (whether velocity or intensity) in the set was projected onto the first 20 POD modes calculated from the set. In this fashion, the velocity field at an instant in time is represented by the 20 time coefficients obtained through projection onto the POD velocity basis. The intensity field is represented, in a likewise fashion, through projection onto the POD intensity basis. A correlation between the time coefficients of each representation was then performed over the entire data set. The presumption in this case is that if the structure in the intensity field (as best represented through the POD intensity modes) is random relative to the structure observed in the velocity field (as best represented through the POD velocity modes), then there should be no correlation between their time coefficients. On the other hand, if the structure is similar, then there should be a measurable level of correlation between the two representations of the flow.
The value of the correlations is shown graphically in Figure 12a where it should be noted that a negative correlation is just as meaningful as a positive correlation. In this figure, the correlation coefficients have magnitudes of up to 0.5, which is significant considering the differing nature of the data (velocity vs. intensity). Moreover, one can observe that the modes are roughly ordered in the same way such that the most energetic velocity modes correlate best with the most energetic intensity modes and vice-versa. This is not to say that the modes represent a perfect match with each other. Rather, they do not. For example, mode 2 of the intensity data appears to correlate with modes 1, 2 and 3 of the velocity field. Further thought is necessary to better understand the full implications of this analysis.
In light of the ultimate objective of this work, which is to relate 3-D flow visualization images to the underlying velocity field, a similar analysis was conducted using POD modes constructed from the 3-D intensity images. In a similar fashion as before, each 3-D image is represented by the time coefficients of the first 20 POD modes. The correlation between the time coefficients based on the 3-D image and the time coefficients based on the 2-D velocity field are shown in Figure 12b . In this case, the magnitude of correlation is much lower. This result suggests that the structure represented by the 3-D POD modes does not project well onto a 2-D velocity representation of the same flow field. This is in contrast to the 2-D intensity data, which did project well on the 2-D velocity representation of the same flow field. This is evidence that the 3-D nature of the flow is more complex and worthy of further investigation. Qualitative comparison between the 2-D intensity images and 2-D velocity field show that the boundaries (i.e. intensity gradients) observed in the intensity field correspond quite well with boundaries observed in the velocity field. In particular, the outer most edge of the boundary layer, which exhibits the strongest contrast in intensity, is well captured using an intensity threshold. Intensity gradient internal to the boundary layer and visible in a high quality flow visualization images also appear to match well with different regions in the velocity field. It is difficult to extend this conclusion to the 3-D data, however, due to the relatively poor quality of 2-D slices that constitute a 3-D image. Examination of the vorticity field yields a similar result where the boundaries between regions of different intensity appear to be marked by trains of vortices.
IV. Conclusions and Future Work
To provide another viewpoint of this problem, POD was applied to both the velocity data and intensity data as a means of objectively identifying the large-scale structures that form the basis for the instantaneous representations of the flow. Exploiting a feature of the snapshot method of POD, whereby the modes are formed as a linear combination of the input data, conditionally averaged images were generated to link POD velocity modes with their alternative representation as smoke intensity images. The spatial structure of the conditionally averaged intensity images corresponded quite well with the spatial structure observed in the velocity modes. The same held true when the conditions were reversed and a conditionally averaged velocity field was generated from the POD intensity modes. In both cases, it was found that the low velocity regions in the boundary layer are marked by greater intensities in the flow visualization images.
Further analysis was conducted by comparing the simultaneous occurrence of POD intensity and POD velocity modes. A significant degree of correlation was found between these modes to suggest that many of the large scale features present in the flow are well represented in both the flow visualization and velocity data. The ordering of these modes (and relative importance) was similar, but does not present a one-to-one correspondence between POD modes of different types. Furthermore, the correspondence between modes did not carry over as well to a 3-D representation of the flow based on intensity data. This indicates that the 3-D structure of the flow is markedly different than that 2-D structure giving further credence towards the need for 3-D models of the turbulent boundary layer.
Nonetheless, the similarity between the intensity fields and the velocity data was somewhat surprising and encouraging. To explain this connection, we present the following (preliminary) picture to describe the relationship between the smoke based intensity images and the velocity field. The premise is that smoke serves as a passive scalar that marks the low momentum regions of the boundary layer. As the smoke is injected into the boundary layer at the wall, it essentially marks the low momentum fluid upstream of the measurement volume. The only means by which the smoke can be shifted away from the wall is through the shedding of vorticity, which leads to the formation of vortices in the boundary layer. The action of these vortices is to bring unseeded high-momentum free stream fluid into contact with the low momentum fluid near the wall forming sharp discontinuities in the image intensity. This action continues throughout the evolution of the boundary layer such that multiple intensity levels are formed within the boundary layer. Conceptually, this picture is similar to that presumed in earlier works employing smoke or dye based flow visualization; however, it has not been as rigorously tested as it is here. The preliminary observations of this work are consistent with the ideas presented here; however, it is somewhat surprising that these ideas hold over large distances downstream from the smoke injection point. This latter point is likely a consequence of the minimal dissipation present in this high Reynolds number flow.
At this point, the above picture is simply a working hypothesis and in need of much more consideration and work. Nonetheless, the overall results are particularly encouraging in the context of the objectives of this work where we seek to provide a solid foundation upon which to interpret 3-D flow visualization images. In future work, we plan on obtaining a larger set of images that is more suitable for POD analysis, particularly for higher order modes that represent some of the smaller scale features of the flow. We are also planning on exploring the connection between the 3-D flow visualization structure of the boundary layer and the 2-D velocity field in much greater detail. For example, we would like to explore the idea of using linear stochastic estimation to estimate the 3-D velocity field from instantaneous 3-D flow visualization snapshots to give us a rough estimate about the underlying velocity field.
